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The mteraction of caldesmon with ceztain Ca-binding proteins was investigated by means of electrophoresis under non-denaturating conditions. 
In the presence of Ca2+ calmodulin, troponin C and S-100 protein form a complex with caldesmon. No complex fo~ation takes place in the 
absence of Ca*+. La&albumin and pike parvalbumin (~14.2) do not interact with caldesmon independently of Ca-concentration. Both S-100 protein 
and calmodulin effectively inhibit phosphorylation of caldesmon by Ca-phospholipid-dependent protein kinase. At low iomc strength S-100 protein 
reverses the inhibitory action of caldesmon on the skeletal muscle acto-heavy meromyosm ATPase more effectively than calmodulin. It is supposed 
that in certain tissues and cell compartments the proteins belonging to the S-100 family are able to substitute for calmodulin in the caldesmon- 
dependent regulation of actin and myosin interaction. 
Caidesmon; ~alm~ulin; Protein, S-100; Protein kinase C p~osphorylation 
1. INTRODUCTION 
Caldesmon is a calmodulin- and actin-binding pro- 
tein [l] involved in the regulation of the contractile ac- 
tivity of non-muscle and smooth-muscle cells [2,3]. It is 
supposed [2,3] that at low Ca2+ concentrations 
caldesmon inhibits the sliding of actin and myosin 
filaments. Ca-saturated c~modulin interacts with 
caldesmon and by this means reverses the inhibitory ef- 
fect of caldesmon. At the same time complete reversion 
of the inhibitory effect of caldesmon is observed only 
at a very large excess of calmodulin [2,4] and only 
under very specific incubation conditions [5]. Moreover 
Ca-sensitive thin filaments of smooth muscle contain 
very small quantities of calmodulin [6]. All these facts 
lead to the hypothesis that not calmodulin but another 
Ca-binding protein is involved in the regulation of 
smooth muscle contraction [S]. This paper is devoted to 
the investigation of caldesmon interaction with some 
Ca-binding proteins and especially with S-100 protein. 
2. MATERIALS AND METHODS 
Ca-binding proteins were isolated by earlier described methods: 
calmodulin 171 and S-100 protein [8] from bovine brain, troponin C 
[9] from rabbit skeletal muscle. Pike skeletal muscle p~v~bumin (~1 
4.2) was kindly donated by Dr E.A. Permyakov, Institute of 
Biophysics of USSR Academy of Sciences. Lactalbumin was purchas- 
ed from Sigma. Caldesmon and tropomyosin were isolated from 
duck gizzard according to Lynch and Bretscher [IO]. A method 
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described earlier [1 1] was used for the isolation of Ca-phospholipid- 
dependent protein kinase (protein kinase C) from rat brain. Actin 
and HMM were isolated from rabbit skeletal muscle [L&13]. The 
homogeneity of proteins was checked by SDS-gel electrophoresis 
[l4]. 
Interaction of caldesmon with Ca-binding proteins was in- 
vestigated by means of polyacrylamide gel electrophoresis under non- 
denaturing conditions 1151. Earlier, this method was successfully used 
for the detection of interaction of caldesmon and ~almodulin or its 
peptides 11,161. 
The ATPase activity of acto-HMM was measured in the incubation 
mixture of the following composition: 20 mM imidazole-HCl (pH 
7.0), 5 mM MgC12, 0.1 mM CaCl2 and 2 mM ATP. As a rule the in- 
cubation mixture (400-500 ~1) contained 3.3 pM skeletal muscle F- 
actin, 0.6 CM smooth muscle tropomyosin, 0.3 PM of skeletal muscle 
HMM and varying quantities of caldesmon and Ca-binding proteins. 
After incubation for S-15 min at 2S”C, the reaction was stopped 
with trichloroacetic acid and inorganic phosphate was determined by 
the Hers and Van Hoof method [17]. Protein concentration was 
determined either by molar extinction coefficients reported in the 
literature or by the method of Spector [18] using bovine serum 
albumin as a standard. The molecular masses of the following pro- 
teins were taken to be 350 kDa for HMM, 140 kDa for caldesmon, 
70 kDa for tropomyosin, 43 kDa for actin, 21 kDa for S-100 protein, 
18 kDa for calmodulin and troponin C, 14.4 kDa for lactalbumin 
and 11.5 kDa for pike parvalbumin. 
3. RESULTS 
The interaction of caldesmon with Ca-binding pro- 
teins was investigated by using electrophoresis under 
non-denaturing conditions. At alkaline pH values Ca- 
binding proteins having low molecular weights and 
isoelectric points possess high electrophoretic mobilities 
(fig. 1, lanes 2,4,6,8,10). Moreover, the electrophoretic 
mobility of some Ca-binding proteins depends on their 
saturation with Ca2+ (cf. lanes 2,4,6,8,10 on gels A and 
B on fig. 1). Although the isoelectric point of caldesmon 
is close to 5.6-5.7 [19], this protein has rather a high 
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Fig.1. Interaction of caldesmon with different Ca-binding proteins as 
revealed by polyacrylamide gel electrophoresis performed in the 
presence of 2 mM EDTA (A), or 0.1 mM CaC12 (B). Lanes: 1, 
isolated caldesmon; 2, isolated S-100; 3, mixture of S-100 and 
caldesmon; 4, isolated troponin C; 5, mixture of troponin C and 
caldesmon; 6, isolated calmodulin; 7, mixture of calmodulin and 
caldesmon; 8, isolated lactalbumin; 9, mixture of lactalbumin and 
caldesmon; 10, isolated parvalbumin; 11, mixture of parvalbumin 
and caldesmon. Caldesmon (7 PM) was loaded on each track, the Ca- 
binding protein:caldesmon molar ratio was equal to 3. 
molecular weight. Therefore, isolated caldesmon has a 
relatively low electrophoretic mobility. In the absence 
of Ca2+ the electrophoretic mobility of caldesmon is 
unaffected by the presence of Ca-binding proteins, i.e. 
all proteins retain their original mobilities (fig.lA). At 
the same time, in the presence of Ca2+ certain Ca- 
binding proteins (calmodulin, troponin C and S-100) 
form a complex with caldesmon. The complex formed 
has an electrophoretic mobility intermediate between 
that of isolated caldesmon and the corresponding Ca- 
binding protein. The formation of this band (fig.1, ar- 
row) is accompanied by a decrease in the intensity of 
the band corresponding to isolated caldesmon and Ca- 
binding proteins. The data presented indicate that in 
calmodulin or S-100 conchation 
Fig.2. Calmodulin (1) and S-100 (2) induced reversion of the 
inhibitory action of caldesmon on acto-HMM ATPase. The ATPase 
activity was measured under conditions, described in section 2; 
protein concentrations were actin 3.7 PM, tropomyosin 0.7 pM, 
HMM 0.3 PM and caldesmon 1 PM. The ATPase activity of acto- 
HMM in the absence of caldesmon was equal to 3 s-r and was taken 
for 100%. 
the presence of Ca2+ calmodulin, troponin C and S-100 
protein are able to form a tight complex with 
caldesmon. It is worthwhile mentioning that far from 
all Ca-binding proteins are able to interact with 
caldesmon. For example, regardless of Ca2+ concentra- 
tion neither lactalbumin nor parvalbumin are able to 
interact with caldesmon (fig.1, lanes 8-11). Thus, 
among the five Ca-binding proteins tested only three 
(calmodulin, troponin C and S-100) interact with 
caldesmon. Taking into account that calmodulin and 
S-100 protein are present in the smooth muscle, we in- 
vestigated the interaction of caldesmon with S-100 pro- 
tein in more detail. 
It is well known that Ca-phospholipid-dependent 
protein kinase (protein kinase C) phosphorylates 
caldesmon [11,201. The sites phosphorylated by this en- 
zyme are located in the C-terminal part of caldesmon 
involved in the interaction with calmodulin [ 111. This 
seems to be the reason for the fact that calmodulin in- 
duces a 40-60% inhibition of caldesmon phosphoryla- 
tion catalyzed by protein kinase C. An addition of a 
4-6-fold molar excess of S-100 protein over caldesmon 
leads to a 1.5-2-fold decrease of its phosphorylation by 
protein kinase C. Thus, the inhibitory effect of S-100 
on caldesmon phosphorylation is comparable with that 
of calmodulin. This finding indirectly indicates that 
calmodulin and S-100 protein interact with the same 
site in the caldesmon structure. 
In search for a more direct evidence of the interac- 
tion of S-100 with caldesmon, we studied the regulatory 
effect of caldesmon on acto-HMM ATPase. Under the 
conditions used, the addition of caldesmon up to an ac- 
tin: caldesmon molar ratio of 3.5 : 1 causes a 70-90% 
inhibition of acto-HMM ATPase (fig.2). Such an in- 
hibitory effect of caldesmon is comparable to that 
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described in the literature [2,4]. Calmodulin used even 
at rather high concentrations only slightly reverses 
caldesmon inhibition. At the same time by using lower 
concentrations of S-100 we were able to completely 
reverse the inhibitory effect of caldesmon. The data ob- 
tained indicate that, at low ionic strength and at a high 
caldesmon : actin molar ratio, S-100 protein is able to 
eliminate the inhibitory action of caldesmon on the 
ATPase activity of acto-HMM. 
4. DISCUSSION 
Summing up one can conclude that S-100 protein is 
able to interact with isolated caldesmon, inhibits 
phosphorylation of caldesmon by protein kinase C and 
reverses the inhibitory action of caldesmon on the 
ATPase activity of acto-HMM. Thus, under certain 
conditions, S-100 protein may be involved in 
caldesmon-dependent regulation of actin and myosin 
interaction. If this assumption is correct, a question 
arises as to whether the concentration of caldesmon 
and S-100 protein are comparable. Caldesmon concen- 
tration in smooth muscle is close to 12 PM [2,4]. The 
corresponding value for S- 100 protein seems to be close 
to 0.5-l pM [21]. At the same time smooth muscle con- 
tains rather a high concentration of calmodulin (about 
30 PM) [4]. If these values are correct, then S-100 pro- 
tein will not effectively compete with calmodulin for 
the interaction with caldesmon. However there are 
some doubts about the true concentration of S-100 in 
smooth muscle. These doubts are due to the fact that 
a number of closely related proteins are now known 
under the common name of ‘S-100 protein’ [22]. In our 
investigation we used an unfractionated mixture of pro- 
teins mainly composed of a so-called S-100b protein. 
There is a vast variety of S-100 isoforms in different 
tissues [21]. The estimation of concentration of S-100 
is mainly based on immunological approaches. 
Therefore using antibodies to a certain isoform of 
S-100 protein it is difficult to determine the exact con- 
tent of S-100. Moreover, recently published data in- 
dicate that caldesmon is involved in the regulation of 
actin and myosin interaction not only in smooth muscle 
but in certain non-muscle cells [3] and may take part in 
the capping of receptors [19] as well as in hormone 
secretion [23]. The latter two processes are closely 
related to the membrane which contains rather large 
quantities of bound S-100. Thus, we may suppose that, 
at least in the compartment close to the surface mem- 
brane, S-100 protein may be involved in the caldesmon- 
dependent regulation of actin and myosin interaction. 
Moreover in a recently published paper by Marston et 
al. [5] it was shown that the fraction of Ca-binding pro- 
tein isolated from smooth muscle and composed of 
S-100, calcimedins and calmodulin reverses the in- 
hibitory action of caldesmon on the acto-myosin 
ATPase more effectively than isolated calmodulin. 
Thus, further investigation of the S-100 and caldesmon 
interaction seems to be meaningful. 
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